Night ventilation has great energy saving potentials for public buildings in summer. However, night mechanical ventilation inevitably causes more fan energy consumptions, even though it can reduce the cooling loads for the next day and save the air conditioning energy consumption correspondingly. Thus the optimization of night mechanical ventilation strategy is highly significant for building energy efficiency. In this paper, the simplified two-plate room model is used and the optimization model of the mechanical ventilation and air conditioning system is established. To minimize the total energy consumption, the optimal night ventilation strategy is determined through inverse problem method. Taking an office room in Beijing as the illustrative example, the results show that the optimal air exchange rate for night mechanical ventilation is much higher than the traditional value (ACH ¼ 0.5 h À1 ) and it highly depends on the indoor-outdoor air temperature difference and cooling load demands. Moreover, the total electricity usage amount can decline from 210 kWh to 111 kWh after optimization, reduced by about 47% in the whole summer season. It also indicates that the energy saving effect of night ventilation mainly derives from the cooling storage and load shifting of building internal walls. Compared to traditional ventilation strategy, the energy saving ratio increases with increasing thermal conductivity and specific heat of building internal walls. This work can provide guidance for practical ventilation system optimization design and operation strategy determination.
Introduction
With the rapid modernization and urbanization over the recent two decades, building energy consumption keeps increasing dramatically with an average annual rate of over 10%.
1,2 Therein, energy consumption in public buildings accounts for about 40% of total building primary energy usage. 3 Hence, the increasing demand for energy supplies in public buildings, coupled with the severe global environment problem, stimulates the search for more energy efficient and low emission technologies and systems. 4 According to statistic data, heating ventilation and air conditioning (HVAC) system constitutes the dominant part of building energy consumption. 3 So the optimization of design and operation of HVAC systems is highly significant for building energy efficiency.
Climatic ventilation proves to be an effective way to save the air conditioning energy consumption through the full use of free cooling or heating resources from climatic conditions. 5 Yu et al. 6 and Lin and Chuah 7 studied the cooling potentials of natural ventilation system for building energy efficiency. Compared to natural ventilation, mechanical ventilation is a more easily controlled system that is widely used in public buildings for air exchange. 8 It was found that the night ventilation had great energy saving potentials in summer and some research had been conducted on this topic. 9 Givoni 10 put forward the temperature difference ratio (TDR) index to assess the night cooling potential of the mechanical ventilation system. Then Artmann et al. 11 proposed a new concept named climatic cooling potential (CCP) based on the temperature difference between indoor and outdoor. He also evaluated the energy saving effects of night ventilation for different European countries. Geros et al. 12 simulated the building dynamic thermal processes under different ventilation strategies and found that the indoor air temperature can be decreased by 3 C merely through night ventilation. Blondeau et al. 13 investigated the night ventilation for office buildings and schools, respectively. The results show that the highest energy saving ratio could reach 54% and the average indoor air temperature can be decreased by 1.5-2 C. Kolokotroni and Aronis 14 has done a similar study and stated that night ventilation led to both cooling load decrease and installed capacity reduction of air conditioning devices. Except for the effect evaluation of night ventilation, some researchers analyzed the influence factors and system design. For instance, Shaviv et al. 15 obtained the mathematical relationship between air exchange rate and daily temperature range, and heat capacity of indoor substance. Finn et al. 16 found that the highest temperature can be reduced by 3 C if doubling the building envelope density. Artmann et al. 17 further stated that among all the impact factors, the night ventilation potentials is most sensitive to climatic parameters. Stefano and Andrea 18 compared three different mechanical ventilation configurations to assess the thermal performance of hollow core slab system. Zhou et al. 19 utilized the phase change material (PCM) to increase the cooling storage capacity. The results show that the average coefficient of performance (COP) of the night ventilation fan arrived at 7.5, resulting in 76% energy usage saved by air conditioner for space cooling during the daytime.
Nonetheless, the available research almost center on investigation of energy saving effect under given night ventilation strategies. Seldom focus is on the night ventilation strategy optimization itself. On the one hand, night ventilation can reduce the cooling loads and save the air conditioning energy consumption correspondingly in summer. On the other hand, the continuous working mechanical ventilation system inevitably causes extra energy consumptions. Therefore, how to determine the optimal air exchange rates for night ventilation is an important but unsolved problem. In this paper, the simplified twoplate room model is used and the optimization model of the mechanical ventilation and air conditioning system is established. To minimize the total energy consumption, the optimal night ventilation strategy is determined through inverse problem method. Besides, an illustrative example of an office building in Beijing is analyzed to show the energy saving effect and the influence of envelope thermal-physical properties. This work can provide guidance for practical ventilation system optimization design and operation strategy determination.
Method
Building mechanical ventilation and air conditioning system Figure 1 shows a typical energy system containing mechanical ventilation and air conditioner in office buildings. When indoor operative temperature t o,in is higher than the set value (t H ) in summer, the air conditioner is turned on for space cooling to maintain indoor thermal comfort.
where h r and h c are the radiant and convective heat transfer coefficient (W/(m 2. C)); " t r is the mean radiant temperature ( C). For office buildings, almost all the cooling loads are concentrated in the daytime. So during the daytime, the mechanical ventilation system only works to fulfil the basic air exchange requirement, since the outdoor fresh air of high temperature leads to more cooling loads. On the contrary, the air conditioner is turned off in the night, whereas the ventilation fan can keep working to bring in low temperature fresh air, which is favorable for decreasing the load demands of the next workday due to the free cooling storage by the building envelopes. Therefore, in order to make full use of night ventilation for free cooling in summer, optimizing the mechanical ventilation strategy and determining the best hourly air exchange rate (ACH) are highly significant for building energy efficiency. To investigate the energy saving potential for such mechanical ventilation system, it is necessary to bulid the system dynamic thermal model and the optimization model.
Simplified two plate room model
In order to simplify analysis, the two-plate room model is used and this model has been validated before for building simulations. [20] [21] [22] As Figure 2 shows, the external wall is viewed as one plate and all internal envelopes (e.g. wall, ceiling and floor) are lumped into another plate, regardless of the long-wave radiations between them 23 (1) Wall Transient heat transfer equation
Boundary conditions
where q w , c p,w , and k w are the density (kg/m 3 ), specific heat (J/(kg. C)), and thermal conductivity (W/(m. C)) of the wall, respectively; q r,in means the indoor heat gains of people, equipment and solar radiation penetrated from windows (W/m 2 ), while q r,out contains outdoor heat gains of solar radiation, long-wave radiation from the ground and sky (W/m 2 ). The convective heat transfer coefficient of the wall external surface is ragarded as a constant value, h w,out ¼ 23. 
where q win and c p,win mean the density (kg/m 3 ) and specific heat (J/(kg. C)) of the window, respectively; 4x is the glass thickness (m); q r,win,1 and q r,win,2 represent radiation heat gains from external and internal surfaces, respectively (W/m 2 ). h win,1-2 is the heat transfer coefficient between the two glass layers (W/ (m 2 . C)), which can be expressed by
where U win is the overall heat transfer coefficient of the glass window (W/(m 2. C)); h win,out and h win,in are the equivalent heat transfer coefficient (considering both heat convection and radiation) of the window external and internal surfaces (W/(m 2. C)).
(3) Indoor air
Energy conversation equation window, respectively (W), which can be expressed by
In equation (8), Q C means the cooling power provided by the air conditioner, when the indoor air temperature is higher than the upper value of thermal comfort zone 
As Figure 4 shows, on the one hand, with the increasing air exchange rate in the night (ACH), more free cooling can be stored by the building envelopes to reduce the load demands for the next day, so that the cooling energy consumption by the air conditioner (EC AC ) can be decreased. On the other hand, increasing ACH inevitably leads to more fan energy consumption for night mechanical ventilation (EC fan ). Hence, there exists the theoretically optimal ventilation strategy (ACH(s)) to save the total energy usage.
Compared to forward problem approach, inverse problem method shows obvious advances in solving optimization problems. 25 According to the inverse problem method, aimed at minimizing the total energy consumption of such a mechanical ventilation system with air conditioner, the optimization model can be established as follows. 26 Undetermined parameter: ventilation strategy (hourly air exchange rate, ACH(s)) Objective
Constraint conditions: (1) thermal comfort requirement t L 4 t o,in 4 t H ; (2) minimal fresh air demand ACH(s) 5 0.5. 27, 28 It is clear that this optimization problem is a nonlinear one, which is difficult to get the analytical result. Hence, some numerical approaches, such as genetic algorithm, 29 partical swarm optimization (PSO) 30 and sequence quadratic programming (SQP), 26 can be used to address such a problem for technical systems. 31 Therein, the objective function and the constraints are twice continuously differentiable for SQP. 25, 26, 32 It solves a sequence of optimization problems, each of which optimizes a quadratic model of the objective subject to a linearization of the constraints. If the problem is unconstrained, then the method reduces to Newton's method for finding a point where the gradient of the objective vanishes. If the problem has only equality constraints, then the method is equivalent to applying Newton's method to the first-order optimality conditions of the problem. 32 Thus, SQP is quite feasible and suitable for solving the previous non-linear optimization problem. The following section gives an illustrative example and the corresponding optimization results.
Illustrative example Known conditions
A typical room with an external south-facing wall in a multi-stories office building in Beijing is chosen as an illustrative example. The main geometrical and thermal-physical parameters of the studied room are listed in Table 1 .
It is assumed that the average value of indoor heat gains from people, lights and equipment is 10.8 W/m 2 and the triggering temperature of opening air conditioner for space cooling is 28 C. 28 Table 2 gives the performance parameters of the installed fan for the mechanical ventilation system. 33 Figure 5 shows the outdoor air temperature and solar radiation variations in Beijing in the whole summer days (from 31 May to 30 September). 34 
Results and discussion
Based on the aforementioned system model and the known conditions, through the SQP non-linear optimization method, the optimal night mechanical ventilation strategy as well as the total energy consumption of this case can be obtained. Figure 6 gives the optimal air exchanger rate in summer night for this office room in Beijing.
It can be found that the optimal night air exchange rates vary timely, and the average value can arrive at about 8 h À1 , even the highest value reaches 16 h À1 , much higher than the traditional night ventilation strategy (i.e. ACH ¼ 0.5 h À1 according to the design standards in China. 27, 28 ). For given building room information, thermal performance of ventilation fan and air conditioner, the optimal ventilation strategy (ACH) is mainly influenced by the cooling load demand (Q C ) and the air temperature difference between indoor and outdoor in the night (4t a ¼ t a,in Àt a,out ). For the studied case, the relationship between ACH and Q C , 4t a can be fitted by 
When the indoor air temperature is lower than the ourdoor one (4t a ¼ t a,in Àt a,out 4 0), there is no cooling potentials for night mechanial ventilation so that the optimal ACH equals the minimal fresh air exchange rate (0.5 h À1 ) in the night. 27, 28 On the contrary, as Figure 7 shows, the optimal ACH increases with the increasing indoor-outdoor air temperature difference and cooling loads only if 4t a > 0. In other words, the lower the outdoor air temperature is, the higher the energy saving potential of night ventilation could be, due to the cooling storage and load shifting effect of night ventilation. Figure 8 gives the comparison analysis on the energy consumption between the obtained optimal night mechanical ventilation strategy and the traditional one (ACH ¼ 0.5 h
À127,28
). Compared to traditional night ventilation strategy, the total electricity (including air conditioner and ventilation fan) decreases from 210 kWh to 111 kWh after optimization for this office room in the whole summer season. So the energy consumption can be reduced by about 47%.
To evaluate the energy saving effect of night mechanical ventilation, the energy saving ratio (ERS) can be defined as
where the subscripts tri and opt represent the traditional night ventilation strategy (ACH ¼ 0.5 h À1 ) and the optimal one, respectively. As analyzed before, the energy saving potentials of night ventilation in summer mainly derive from the free cooling storage of building envelopes and the corresponding load shifting effect. Thus the thermal-physical properties of the building walls, such as thermal conductivity (k) and the specific heat (c p ), have a great impact on the night ventilation energy saving ratio. Figure 9 shows that with the increase of both thermal conductivity (k) and specific heat (c p ) of the internal walls, the energy saving ratio keeps increasing. For one thing, increasing k leads to lowering heat transfer thermal resistance, which makes it easier to charge and discharge for the internal walls. For another, large c p means a large cooling storage capacity of the building envelops, which is favorable for decreasing cooling load for the next day. However, the situation is quite different for the external wall. Large k results in low thermal resistance as well, which is preferred in the night (heat transfer from indoor to outdoor) but undesirable during the daytime (heat tranfser from outdoor to indoor). Besides, although increasing c p is favorable for night cooling storage, it also leads to more heat storage during the daytime inevitably. As a consequence, the energy saving effect is hardly sensitive to the thermalphysical properties of the external wall, due to such day-night counteractive influence mechanisms. Therefore, increasing the thermal conductivity (k) and specific heat (c p ) of internal building envelopes is a good way to make most use of the cooling potentials of night ventilation in summer.
Conclusions
Night mechanical ventilation proves to be an effective way to reduce the air conditioning energy consumption for space cooling in summer. In this paper, the simplified two-plate room model is used and the optimization model of the mechanical ventilation and air conditioning system is established. To minimize the total energy consumption derived from ventilation fan and air conditioner, the optimal night ventilation strategy is determined through inverse problem method for an office room in Beijing. The results show that:
(1) The optimal air exchange rate for night mechanical ventilation is much higher than the traditional value (ACH ¼ 0.5 h À1 ) and it varies timely with changing indoor-outdoor air temperature difference (4t a ¼ t a,in Àt a,out ) and cooling load demands (Q C ).
(2) The total electricity usage amount can be decreased from 210 kWh to 111 kWh after optimization, reduced by about 47% in the whole summer season. (3) The energy saving potentials of night ventilation mainly come from the cooling storage and load shifting effect of building envelopes. (4) Compared to traditional ventilation strategy, the energy saving ratio (ESR) of night ventilation is greatly impacted by the thermal-physical properties of internal walls, in terms of that ESR increases with increasing thermal conductivity (k) and specific heat (c p ).
In practical engineering fields, the air exchange rates are influenced by various factors, such as building types, climatic conditions, thermal comfort, indoor air quality requirements, and so on. In addition, the ventilation and air conditioning systems are quite different for different public buildings and the thermal performance of practical equipment is often deviated from the assumed one used here to some extent. The present work only discusses a simple case to show the preliminary application of the established system model and inverse problem method in determining the theoretically optimal night mechanical ventilation strategy. The limitations of the present work also arouse further questions worthy of future investigations:
(1) Due to the constraint conditions of practical ventilation equipment, the timely air change rate cannot be adjusted as frequently as that suggested by the theoretically optimal operation strategy. Thus how to determine the optimal air change rate in real applications? (2) Except for indoor and outdoor temperature difference, humidity also impacts the thermal comfort level of built environment, as well as the cooling energy saving potentials. What is the change for night ventilation if taking the indooroutdoor humidity difference into account? (3) Apart from energy consumption influence, indoor air quality demand plays an essential role in determining air change rate, since ventilation systems mainly serve for pollutant removal and fresh air supply. So how to optimize night ventilation strategy, with a comprehensive consideration of both regards?
Although the specific findings for the studied case may not be applicable to all situations, the method utilized in this paper is general. This work can provide guidance for practical ventilation system optimization design and operation strategy determination.
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